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FOREWORD

The studies discussed in this report were carried out under the
Lower-cost Canal Lining Program, by the Sediment Investigation
Unit of the Hydraulic Laboratory, during May to October 1958.
All of the laboratory tests were made by W. W. Sayre, with the .
help of several foreign trainees, under the ‘supervision of E. J.
Carlson. The Sediment Investigations:Unit is.in the Hydraulic -
Investigations Section which'is headed by C, W. Thomas. H. M.
Martin is Chief of the Hydraulic Laboratory. 'P. W. Terrell is
Chairman of the Lower-cost Canal Lining Committee. . -

The field measurements were made by Project Personnel under
the direction of the Hydraulic Laboratory. Those projects which
furnished field data are Eden Project, Region 4, Tucumcari Pro-
ject, Region 5, Central Valley Project, Region 2, and the Imperial
Irrigation District, California. == = = . S ,

The earth material used in the labo'ratéfy tesfsm‘ was furnished from
Driftwood Canal by the Frenchman-Cambridge ‘Construction Field

Division, Missouri River Basin Project, Region 7.
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PROGRESS REPORT I.-CANAL BANK EROSION DUE

TO WIND- GENERATED WATER WAVES/

SUM MARY

Erosion of earth canal banks by theaction of wind-generated water
waves has long been a maintenance problem on some irrigation proj-
ects. The relationships between wind and waves on one hand and
between waves and the resulting erosion on the other hand are com-
plex and involve a large number of variables. Very little has been
done in the way of a systematic attempt to solve the problem by
separating the effects of the d1fferent variables.

The studies covered in this report are d1V1ded into two sections:
(1) wind waves in canals and (2) laboratory study of Wave:erosion

Measurements of waves, wind veloc1t1es, ;and wind direction have
been made on canals of several Bureau of Reclamation projects.
These measurements, together with the corresponding canal aline-
ment data and cross-sectional dimensions, have been reported

from the field. These data are analyzed in terms of the Sverdrup-
Munk-Bretschneider 17/ 4/ parameters. The principal variables
involved in the generation of waves in canals are found to be the -

wind characteristics of velocity and direction, and the fetch charac- .
teristics of length, width, ‘and direction.- Wind duration and-depth -
of water are generally of lesser 1mportance. The primary dependent
variables are wave height and wave period.

The laboratory study involved the calibration of the wave generating
equipment in the 70-foot long half- trapezmdal wave channel, Figure 1,
and the performance of a series of wave erosion tests on a test
embankment s1mu1at1ng a compacted earth canal lining.

The calibration consisted of measurmg the wave helghts, lengths,
celerities, and frequencies for a number of different settings of the
wave-generating apparatus. The wave characteristics were varied

17/Refers to reference at end of report.




to cover a range of conditions considered to be typical,on the ‘basis -
of observations made on several irrigation canals.  Some observa-
tions were made of the characteristics of wavesin.a trapezmdal
channel. :

In the wave-erosion tests, a compacted earth test section, measur-
ing 8 feet long and 6 and 1/2 inches thick, was subjected to wave
action. The exposed surface of the test section was placed flush
with the 1 and 1/2 to 1 sloping sidewall of the channel. The earth
material came from the Driftwood Canal in the Frenchman Unit of
the Missouri River Basin Project, and is a loessial inorganic clay
of low plasticity. Before each test, the embankment was compacted
at optimum moisture content to near the maximum dry’ den51ty as
specified by the standard proctor compaction test.

Five different waves were used in these tests. Wave helghts were
varied from 0.18 to 0,38 foot, trough to crest, and wave frequencies
varied from 50 to 75 waves per minute, ' The stillwater depth-was
held constant at 1.50 feet.' In no case, did complete failure of the
test embankment occur. In all tests, the erosion was concentrated
near the waterline. o K : Ea

The erosion rate in each test was measured and analysis showed

that the volumetric displacement varied approximately with the
logarithm of time. The principal variables influencing the erosion _
rate were the degree of compaction and the wave height. With other
factors held constant, the rate or erosion for an embankment com-"
pacted to 97 percent of the Proctor maximum dry density was approxi-
mately three times that for an embankment compacted to 99 percent :
of maximum density. ‘

Experiments also demonstrated:that if the embankment was permitted ‘
to become dry, slaking occured upon rewettmg, and the resistance
to erosion was greatly reduced.




INTRODUCTION =

The erosion of canal banks by wind-generated waves is a problem
which has received little systematic study. 'As shown by the photc-
graph in F 1gure 1, which was taken along a straight reach of the
Eden Canal in Wyornmg after only two seagons of operation, waves
cause serious erosion in certain types of soils. . Notable among
these are the silts, fine sands, and: some lean clays. 'On some proj-
ects where this type of erosion has occurred, maintenance forces
have met the problem with various degrees: of success. The usual
method of repa1r has been to fill the eroded sections with gravel

or riprap in order to protect. canal banks agamst further erosmn. o

Studies performed in the Hydraulic Laboratory of the Bureau oﬁ
Reclamation 18/, in 1954, on a silty material, ‘indicated that a
protective cover must be fine enough to.prevent leaching of the
base material through it, and that particles on the exposed sur-
face of the protective material-must be of sufficient size and
weight to resist displacement by wave action.

The results of these studies and thef'fact‘that wave erosionhas
been a continuous source of maintenance on some projects demon-.
strated the need for a general research:program to investigate

the problem. Recognizing the need for such a program, the Lower-
cost Canal Lining Committee authorized a combined laboratory

and field investigation of the problems involved in erosion due to
wind waves in“canals. « ‘ .

The general aims of this 1nvest1gat10n were the deve]opment of

(1) criteria for predicting wave characteristics in canals, (2) a

laboratory wave flume in which canal waves can be simulated

and wave erosion reproduced under controlled conditions, (3)a

better understanding of the mechanics of canal bank erosion by

waves, (4) a classification of various soil properties with respect

w erosion by wave action, (5) methods and designscriteria for
tabilizing erodible canal banks with-respect to wave action, and

(6) correlation between 1aboratory and field studies: where possmle.

This report deals with the first three of these points and also
presents the results of a series of laboratory wave erosion tests

on a low plasticity soil from the Driftwood Canal. - 2 S

WIND WAVES IN, CANALS

Reirie\v of Literature

"»Very little research has been done on: the subJect of wind waves in -
‘canals. Inrecentyears, however, an increasing amount of research
has been undertaken on the generation of wind waves in oceans, lakes,
reservoirs, and laboratory flumes.
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Prior to World War II, prediction of wave characterlstlcs was
dependent on empirical relations developed by Stevenson 16/

1874, Gaillard 5/, 1904, Molitor 13/, 1935, and others. " Most

of these formulas express wave height as a funct1on of wind ‘
velocity and fetch. None of them are apphcable over a very W1de v
range of wind and fetch condltlons.

During the war, 1nvest1gat1on of the problem was accelerated due : s B
to the ipterest of the armed forces in connection with amphibious ‘
operations. By a: combination of theoretical, dimensional, and .
emp1r1ca1 analysis, Sverdrup and Munk 17/, 1947, derived relation-
ships in which wave characteristics, such as height, length, celerity,
and period are expressed as a function of fetch, wind velocity, and
wind duration. Fetch is defined as the length of the reach of water
over which the wind blows at a particular velocity. Wind duration ~ E
is defined as the interval of time durmg which that velocity exists. REE RN

Their findings are expressed in the rela.t1onsh1ps between various
e dimensionless parameters which combine the wave, wind, ‘and fetch
S characteristics. Hirschberg 8/, 1949, Johnson 11/, 1950, and
others have shown that these parameters may be readily obtained
by a. pphcatmn of the Buckingham p1-theorem and dimensional
analys1s. ,

Althougn the Sverdrup-Munk relationships were derived for the o
purpose- of predicting the characteristics of ocean waves, Johnson 10/,
1948, 11/ 1950, Bretschneider 2/ 1952, 3/ 1954, 4/, 1958, Sibul
15/, 1955, and others have shown that with minor moalﬁcatlons, ‘the
'S_erdrup -Munk analys1s is also applicable t6 bodies of water such

as lakes, reservoirs, and laboratory flumes where the fetch dimensions
are limited. The results of the Sverdrup-Munk analysis as mod1f1ea

by Bretschneider 4/, 1958, are shown in Flgure 2. ,

According to the Sverdrup—Munk ana1y51s, ‘the energy transfer from
wind to waves-occurs by the push of the wind against the wave crests
and by the drag of the wind on the water. The push, or normal
pressure is the dommatmg factor in the early stages of wave growth. -
The drag force is primarily responsible for the continued growth of :
waves, even when the wave celerity exceeds the wind velocity. Forces

tending to retard the growth of waves are the normal pressure when

the wind velocity is less than the wave celerity, and viscous shear, .
the latter being of neghglble importance. Thus, the waves-continue to »
grow until equilibrium is reached between the energy ade ed by shear

and that lost by alr res1stance. ‘

Wave growth is limited by wmd velocity and. elther fetch length or
wind duration. In relatively short fetches, maximum wave growth

is achieved in a short time and the length of fetch is usually the
limiting factor. In very long fetches, wind duration usually controls.
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Sverdrup and Munk made another 1mportant contribution by - -
introducing the concept of the significant wave. Natural wave
trains are seldom uniform with respect.to wave height and wave
period. The significant wave is defined statistically as the wave =~
having the average héight and period of the highest one-third -

of the total number of waves observed. The ‘Sverdrup-Munk- -
Bretschneider ana1y51s is based on the: concept of the s1gn1f1cant L
wave. : :

The relationships shown in Flgure 2.are all for deep water wave
conditions in which the ratio of the wave length to the depth of -
water Li/y is less than 2. When L/y becomes greater than 2,
the waves begin to 'feel" bottom and the wave height and perlod ‘
are reduced accordingly.

Bretschneider 3/, 1954, has extended the Sverdrup Munk analys.ls
to cover certain cases-of shallow water waves by taking into.account
energy dissipation due to bottom friction and percolation.. .

Sibul 15/, 1955, in a series of experiments with wind waves ina
laboratory channel demonstrated that the depth begins to affect
‘the wave height when the ratio of the depth to wave height Y/
becomesless than 5. A reduction in wave period becomes
noticeable when L /y becomes greater than 5. Sibul's experlments
included both smooth and rough bottom conditions. = Results
appeared to be 1ndependent of bottom roughness. e

Hufft 9/ 1958 inanother seriesoflaboratory experlme'lts with wind
waves$ in shallow water, obtained results showing that observed
wave heights for L/y ratios up to about 5 do not differ appreciably
from those predicted by the Sverdrup- Munk Bretschneider curves
for deepwater conditions. Wave periods, lengths, and celerities
were found to be in substantial-agreement with their deepwater
counterparts over the entire range of experimental conditions which ¢
included /y ratios up to. about 7. ¥ ; ‘

;,i

Saville 14/ 1954 developed a method for est1mat1ng the effect of
fetch width in: hmltlng the growth of waves. Itiis generally recognized
that where the width of the fetch is limited by land forms, waves

are significantly lower than those that would be expected from the
same generating conditions over more open water. It is also known
that waves are generated not only in the immediate direction of the
wind, but also at various angles with the wind direction. Thus,. the
wave characteristics measured at a particular point are dependent
not cnly on the energy components in a direction coincident with the
wind direction but also on those components from various angles to
the wind direction.” The actual wave characteristics at the point will
result from the summing up of, all these components.
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Saville used several alternate assumpt1ons in h1s analysis, but obtained
the best results by assuming that the wind effectiveness varies as the
cosine of the angle up to 450 on either side of the:wind direction, and
is zero for angles of greater than 45°. Saville established a graphi-
cal relationship in which the ratio of the effective fetch to the actual
fetch Fe/F for a rectangular fetch is-expressed as a function of the
ratio of the fetch width to the actual fetch 1ength /F |

Wind and Wave Measurements on' Bureau of Reclamat1on Canals » |

For several years, operat1on and. mamtenance persormel on several-
Bureau of Reclamation projects 'in addition to the Imperial: Irr1gat1on =
District have been obtaining wind and wave data on canals. ‘Wave
height and frequency data were obtamed by taking motlon pictures of
the water surface fluctuations on stationary staff gages. Observatlon .
periods ranged from about 10 to 90 seconds//‘“The staff gages were J’,j’ R
located in the canals about 6 feet away: fro/r;: “the bank. Wind Veloc1tyﬁ
measurements were taken 51mu1taneous13r with the motion plctures y
means of an anemometer located on top of the canal bank. Wind " :
direction was also determined. Canal ahnement data and the: d1men— ‘
sions of the cross section provided the necessary. ‘information for
determining the length ‘width, and’ “d1rect1on of the fetch.,

These data were taken on canals w1th d1scharges rangmg'from 50

cubic feet per second in the West Side Lateral of the Eden,progect to .

about 5, 000 cubic feetper secondinthe All- Amer1can Canal. Unfortunately,
no data were obtained for wind veloc1t1es in excess of 30: m11es per hour.

The canal data are summarized in Table 1.

Analys1s of Data from. Bureau of Reclamat1on Canals

The methods used in analyzing. the canal data were baS1ca11y those 7z
of Sverdrup, Munk, and Bretschneider. However, some corrections
were made for fetch width, wind direction, and flow veloc1ty in

the canal.

When the wmd direction commdes W1th the canal ahnemen. the fetch: -
dimensions may be described in terms of a long, narrow rectangle

~ of length T, and width W. F is the length of reasonably straight

reach of canal immediately upwind from the. pomt of ‘observation;

and W is canal width at the water- surface. Saville's 14/ method for
estimating the effectlve fetch in rectangular fetche's was extended 1o
include values of W/F down to 0.001. The formula '

£ Fe = 1.17 F1/3W2/3 A | (1)

was found to apply over the:range W/F'- O 001 —»0 30 whlch«mcludes
all of the canal data. Fe'is the effective fetch length of a rectangular
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fetch, and is used instead of Fm estirnating'the'wavef‘hei'ght‘.
Results of the fetch'width investigations are shown in Figure "3

Wheu the wind direction is not’ comcxdent with the canal ahnement
the wind effectiveness is assumed to vary with the cosine of the
wind angle according to the formula

Ue Ucose | (@

in which U is the wind velocity, and .§ the angle between the wind -
direction and the canal bearing, This assumption appears to.be ' b

reasonable for deflection angles of less than 45 ©, TFor the ‘two
cases on Delta-Mendota Canal when the wmd blew directly across!
the canal, F was assumed to equal W.

A correction for flow velocity in the canal was made by modlfylng
Equation 2 to the form , o

Te = chosa“-’v  ea

in which V is the average flow veloc1ty in the canal. V is negative
when- 9 is between 0 and 90°, and is positive when § is between 90
and 180°, This assumption appears to be valid in that:'the wave
characteristics should depend on the relatlve velocity. between wind
and water surface, :

The modified canal data, in the form of the Sverdrup- Munk—
Bretschneider paramelers, are plotted in Figures 4 and 5,
Although the scatter, is considerable, it is not of a greater order
of magnitude than the scatter in the data from which the original
curves were established. In view of such limitations on the data’
as the brevity of the observation periods, the transient nature of
both wind velocity and wind direction and the total neglect of the
effect of wind duration, the correlation appears to be: fa1r1) :good
and the assumptions Justlfled :

Figures 6, 7, and 8, which show wave’ height wave period, and
wind duratlon as a- functlon of:fetch and wind velocity, were com- ,
puted and plotted directly from the %verdrup ~Munk-~ Bretschnelder -
curves in Figure 2.

The lines of constant depth plotted on the wave period graph
indicate conservatively the approximate limits to which the deep.
water _wave relationships may be applied. They are based on the
limit: L/y 4, Computations based on Bretschneider's 3/ analysis
. show that wave heights for values of L/y up to 4 are at Ieast 90
" percent of deep water wave heights for identical wind and fetch

T




conditions, Sibul's 15/ dati show that there is no: ap rec1ab1e
change in wave period until ~/y reaches 5. Hufft's 9/ experi-

ments show no appreciable reductlon in wave height Until [y .
reaches 5, and no discernable change: from the deep water wave
period, length or celerity for L/y values as high as 7. L/y .
values for the canal data computed from: the basic deep/water wave o

relat1onsh1p ‘
L= z-g—"rz, TR e @

in no case exceeded 3.8, Consequently, itis beheved that in
almost all cases, the deep water wave relatlonshlps ‘may be used in
predicting wave charactenstlcs in canals. 'Some error may be
introduced in cases combining high wind: velocltles, long fetches,
and shallow depths. ,

The wind duration graph, Figure 8, indicates that in:most cases,

fetch, rather than wind duration, limits the wave growth in canals, ,
For example, a 30-mile per hour wind blowing along a 10, 000-foot fetch
would require only 30 minutes to achieve equ111br1um cond1t1ons with
respect to wave growth. :

LABORATORY STUDY OF WAVE. EROSION

The laboratory phase of the study is divided mto the followmg
sections: (1) description of equipment, (2) calibration of equip-
ment, (3) waves in trapezoidal channels, and (4) erosion test on
soil from Drlftwood Canal. ,

Description of Equlpment

The laboratory equipment consisted essentially of a wave channel
a wave generator, measuring equipment, and equlpment for com-
pacting earth into the test sect1on. '

Wave channel. The wave cha.nnel Flgure 9, 'was bu11t into an
existing (0-foot rectangular flume measuring 8 feet wide and 2 feet
deep. A 1-1/2:1 sloping plywood side wall was built into the flume =
to simulate a canal bank and to permit installationof a 6 and 1/2-inch thick
test embankment. This resulted in a half-trapezoidal cross section
having a bottom width of 3. 05 feet, as shown in Figure 9.

Wave absorbers and wave filters were placed in the wave channel
for the purpose of eliminating, insofar as possible, the undesir-
able reflected waves, Wave absorbers were placed at the opposite
end of the channel from the wave generator, at the transition from

g




the rectangular to the half-trapezmdal section, and behmd the

wave generator, The wave absorbers were of the permeable type
with 1mpermeable backing, similar to some- of the absorbers = =
discussed by Herbich 7/. They consisted of aluminum lathe turn-
ings packed on a sloping plywood panel and covered by wire mesh.
Dimensions of the wave absorbers are given in Figure 9, and a
photograph of the absorber at the down wave end of the channel is
shown in Figure 10, The effectiveness of the wave absorbers was ‘
demonstrated by the complete subsidence of wave mot1onW1th1na very
short time after shutting off the wave: generator

Two types of wave filters were used. These were placed as shown

in Figures 9 and 10, The parallel plate filter consisted of 26-gage
galvanized iron sheets spaced at 2- inch intervals across the channel,
This filter was constructed in'two sections, each 3 feet in'length, _
placed end to end. Corrugated sheets of perforated metal lath were
inserted in the bays between the galvamzed plates. The curtain

filter was located in the channel a short distance downstream, It ,
consisted of three vinyl plastic sheets cut to the shape of the channel
cross section, suspended at the top of the channel, and weighted

at the bottom with a length of rod. These curtains, or diaphragms,
were placed at right angles to the channel alinement and were spaced -
at 12 inches. Corrugated sheets of perforated metal lath were - :
tacked to the sloping sidewall between the two filters to suppress
the waves from breaking along the sloping sidewall. The filters
were required in order to minimize effects of the transverse wave
motion which became apparent when the wave generator was first :
tested without filters, "The phenomena associated with the transverse
wave motion will be discussed in greater detail in the sectlon
dealing with waves in ‘crapezmdal channels.

The parallel plate filter and the corrugated lath tacked to the slopmg
sidewall performed their functions fairly effectively. Hcwever, the ;
effectiveness of the curtain filter remained questlonable.

The test section, located about 20 feet down the channel from the
filters, measured 8 feet in length and 6 and 1/2inchesinthickness,
Figures9and 12. Thetestsectionwasbackedby aheavily reinforced
3/4-inchplywood panel. The purpose ofthe reinforcingwastomini- -~
mize vibrations during . compactlon. The backmg was covered by
perforated metal lath for the purpose of improving the bond between
plywood and soil. During the calibration, the test section was
covered by a plywood panel set flush ‘with the 1-1/2:1 sloping side~
wall of the channel

Wave generator. The wave generator, Figures 9, 10, and 11,
was of the rigid flap type hinged at the channel bed as descrlbed by
Bieseland Suquet 1/. The expression given for the amplitude of
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a wave generated by this type of mechanism: 1s

‘sinh- my (1 cosh my +.my. cosh my)
my (smh my co—h my +. my) - (4)

. a= 2e

in which y is the mean water depth e'is the ‘maximum. dlsplace- =
ment from the vertical of the flap. pro;ected along the mean water
level, andm = 2 7, where L is the wave 1ength

L i

The flap was driven by a connecting rod and crank which were
powered by a 3-horsepower, 1, 155-revolutions per minute,
440-volt alternating-current motor., The motor speed was: geared
down through a variable speed pulley device, and’a system of =
chains and sprockets. By means of the variable speed pulley
system, frequencies could be varied: from 20 to 100 waves per
minute, :

The radius of the crank, which was connected to a 3-foot-diameter
flywheel, could be varied from 4 to 15 inches. For a depth of
1.5 feet, this corresponds to a variation in stroke or dlsplace- ‘
ment e of from 0. 11 to 0, 41 foot.

The connecting rod length was also adgustable to permit equal
flap displacements from either side of the vertical over the
whole range of stroke settings.

The flap itself consisted of a double thickness of 3/4-inch ply-
wood reinforced by steel angles and fastened to the bed of the
channel by four 1/2-inch brass hinges. ,

Descrlptzon and use of measurmg equlpment | Quantltles to be -

earth test embankment, and the volume of earth mater1a1 eroded
from the test section.

Wave heights were determined by a movable point gage with elec-
trical modifications. A light flashed on when the point made con-
tact with the water surface andoff whencontact was broken. Wave -
heights could be determined quite accurately by reading the crests
and the troughs, and then subtracting the troughelevation from the
crest elevation, The point gage readings were referencedto the
average bed elevation of the channel. The point gage was mounted
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to permit movement either:across: or. along the channel over the .
length of the test section,  The result was, ‘in effect a three-, :
dimensional coordinate. system

Wave frequenc1es were determmed by countmg the number of waves
passing a given point in a given time interval, usually about 1 mln- S
ute. The time interval was: measured by a stopwatch ~ Fr

Wave celerities or velocities were determmed by t1m1ng the
travel of a single wave over a known distance w1th a stopwatch o
In the callbratmn a distance of 30 feet: was. used :

Wave lengths were measured by usmg two. pomt gages equlpped
with flashing lights. The distance between the gages along a line’
parallel to the channel alinement was adjusted until the flashes
became synchronized. The point gages would then be a definite
. number of wave lengths apart. The wave 1euguz’COu‘duﬂl§gwbe 0
determined by measuring the distance between the gag?é”’"é'ﬁd
dividing by the number of wave lengths. An alternate method
for determining wave lengths ‘was to. apply the fundamental rela-
tionship j : ‘ 8

in which L is the wave length, C the wave celerlty, and T the
wave period which is equal to the reciprocal of the frequency.
Wave length determinations by these two.methods checked to
within 0, 1 foot.

The equipment used for measurmg wave. helghts and wave length.a
is shown in Figure 11. ‘ ‘ o

The mean water depth was determmed by subtractmg the. average
elevation of the channel bed from the elevation of the stillwater .
surface. The average bed elevation was determined by averaging Y
a number of elevations determined at dlfferent points along the S
bed with an engineer's level and'rod, A stationary point gage ‘
mounted over the calm.water behind the wave absorber at the end
of the channel opposite .the wave generator.permitted.making mean
water depth readings during tests. The relatively:small amounts"
of water lost by splashing and leakage could thus be replaced

- during testing. :

Dry unit We1ghts or dry densities of the compacted embankment
- was determined before each test by driving standard 62.4 cc

density rings into the embankment, removing and weighing the

soil cores, and determining the moisture contents. During the
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latter part of the testmg program, spot density: estlmates were
also made using a Proctor penetratmn needle. :

The volume of eroded- material was determmed from.cross-
sectional measurements made at.1-foot intervals along the

test section by means of.a movable -point gage .on whlch a hmged
footplate was mounted. The: arrangernent is shown on Figure 13,
where the footplate can be seen restmg on the embankment at
the bottom of the point gage staff. : , _ ;

Description and use of compaction equlpment ‘The: equlpment
used Tor compacting earth into the test section is shown in Fig-
ure 13. The earth was compacted in layers roughly: parallel to
the slope by the action of an air hammer on a 2- by 6-inch-plank
which rested directly on the embankment. “The plank-helped to
distribute the c@mpactive effort more: evenly ‘Between tests,
the earth was passed through a 1/4-inch mesh mechanical rotary
sieve in order to break up the clods and perm1t uniform distri-
‘bution of moisture throughout the soil prlor to: compactmn.

/e

Calibrationof Equipmeﬁf;: ‘4_‘,, -

The calibration consisted prunamly of the selection of, and
measuring the properties of the different waves to be used in

the erosion tests. Spot measurements for other wave condi-
tions were made to extend the calibration data over a wider range
and to check the actual wave characteristics: occur'r'mg in

the wave channel with. respect to wave theory. ,

During the 1n1t1a1 testing of the laboratory wave. fac111t1es, At
soon became apparent that wave motion was too complex

to be described in simple ‘two-dimensional terms. The.
sloping sidéwall induced a secondary transverse wave motion,
also called an edge-wave system, which was superimposed
on the main wave train. The edge-wave system was ‘observed
to interfere with the basic wave pattern in varying degrees
depending primarily on the length and frequency of the gen-
erated wave. For short, high frequency waves, the inter-
ference was relatively slight, but for long, low frequency
waves, the edge-wave interference increased to such an
extent that the basic wave pattern became unrecognizable
before reaching the end of the channel. Installation of

wave filters helped, to some extent, to improve the stability
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of the basic wave pattern‘ ~The problem of waves . in trapez01da1
channels is dlscussed more fully ina later sect1on. ‘ o

. The problem of selectmg ‘the waves to use. in the erosion: tests S

' thus became more comphcated ‘Not: only was’ it necessary to . .

©  choose waves representative of those occurring in canals, ‘but
barring extensive modifications in the experimental setup, it .
also became necessary to choose waves which: could be reason-
ably stable in the. Iaboratory channel., . '

Using these criteria, five waves were. selected The subse- Son
quent testing program was built around these waves, It was .
decided thai for the first three waves, the. frequency f

would be heild constant at 60 waves per minute, and ‘the

wave height varied by setting the generator crank radius R~ .. -
at 5, 8, and 11 inches. For the fourth and fifth:waves, R would
be held constant at 5 inches, and f set at .50 and 75 waves per:
minute, respectively. ThlS scheme would enable study : of

the effects of both the ‘wave height, mdependent of frequency,'
and the frequency, independent of wave height. It was:
decided to hold the depth constant at 1. 50 feet for all

five waves. :

Calibration procedure. Measurement of wave characteristics
was also complicated by the effect of'the sloping sidewall.

There was a variation in wave height across the channel, and
the edge waves along the sloping sidewall: tended to be ‘unstable.
In addition, there was an apparently cyclical'variation of wave
height both with respect to dlstance along.the channel and with
respect to time at ajpoint. The former was: more pronounced
particularly for the edge waves.” ,

In order to obtain the- average wave characteristics, a large
number of wave measurements were taken in the region of the
test section. These were averaged and the: result was defined
as the average wave.

Elevations of wave crests and troughs were measured with:a ,”\:u
point gage with flashing light at nine points-across the channel.
These measurements were repeated at 1-foot intervals along

the 8-foot length of the test section. Wave length measurements

13




by the synchrorous lighted point gage method were made both
near the vertical wall and near the sloping sidewall. By plac-"
ing the two point gages with flashing lights on opposite sides of
the channel, the phase difference between'the main wave and
the edge wave was ‘Jetermined. Wave celerities along the verti-
cal wall were also measured. Wave lengths and celerities were
measured as described in a preceding section on description-and
use of measuring equipment, Wave frequencies were checked =
at falrly regular intervals, "and the variable speed pulley mech- '~
anism on the wave generator was aagusted as required. The
entire series of measurements was repeated for each of the five
waves which had been selected fo,r the subsequent tests. ,

The calibration data were exterded to include a wider range-of ‘
f and R, and a meun water depth of 1,00 foot. This was done by
making spot measurements of wave heights in the test section
and measuring the wave celerities, from which wave lengths
were computed. x . ,

Results and analysis of calibration. 'The characteristics of the -
five waves as averaged along the length of the test section are.
shown in Figure 14. Photographs of the same waves are shown
in Figures 18-20. In Figure 14, the edge waves are shown as
being one-half wave length out of phase with the main wave.
This tendency of the edge wave is evident from the photographs
and was also proved by measurements which showed the length
of the edge wave to be nearly the same as the length of the main
wave, and the phase difference to be almost exactly one-half
wave length, These measurements were difficult to make, how-
ever, due to unstable nature of the edge waves, partlcularly
for the long, low frequency waves. At a distance Z from the
sloping sidewall, there was a node wh1ch in actuality was a
zone of very slight wave motlon

Measurements of wave heights along the test section showed a -
variation in height of the main wave-along the vertical wall of
about plus or minus 5 percent and a variation'in height of the
edge wave ranging from plus or minus 16 percent for Wave 4 .
(L. = 3.2 feet, f =75 waves per minute) to plus or minus 50 per-
cent for Wave 5 (L = 6, 8feet, f= 50 waves per minute).

In all of the subsequent analysis referrmg to the! laboratory wave _
tests, wave characteristics are defined asthose of the main wave,
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as measured along ‘the vert1ca1 wall of the: test sectlor “ This v
appears reasonable inthat'the edge wave cha“acterlstlcs are. a R
direct functlon of the propertles of the main wave. c L

Figure 15 is a dlmensmnless wave’ helght plot The plotted pomts et
are seen to fall below the theoretical curve for: waves generated by
a rigid flap type. generator hinged at ‘the. channel:bed. " This is very
probably a result of the attenuating effects of the wave filter, ‘It is.
well known that wave filters cause: greater attenuation of:short,

steep waves than of long, low waves, 'This'is borne out by the posi-
tion of the plotted points relative to the theoretical curve. It will

be noted that the absc1ssa is. a measure of: relatlve wave 1ength

In Figure 15, and the: succeedmg callbratlon plots Flgures 16
and 17, the sohd pomts represent the five pr1n01pa1 waves. _ ST

Figure 16 is- a dlmensm&less wave elerlty plot The ordmate e
of the curve on the left represents actual wave: celerlty v
relative to the celerity" of waves in shallow water, and the ordinate
of the curve on the right C/VeL]2™ represents the actual wave ;.
celerity relative to the celerity of waves in deep water, The -
curves are plotted from the equatlon et :

which is a transition function of celerities for waves between the
deep water and shallow water types. 'Strictly speaking, Eq. 6
applies only to waves of very small amplitude, ‘however, it -
approximates celerities for waves of larger amplitude. It is :
seen from the position of the plotted points along the abscissa that
the waves are in the: Stoklan range, 'Whlch approaches the condltlons
for deep watex waves. R :

The wave 1ength plot,. Flgure 17 shows ‘wave length to be a’ func- :
tion of frequency and depth. It is seen that the plotted points, :
particularly those for y = 1. 50 feet, do not fall very far from the ‘
deep water wave curve. The equatlon for wave. 1ength ‘

‘_W 185x10

i

is obtained by combining Equa’uons (5) and (6) _
| - If the frequency, the depth and the: settmg of the: generator crank
' are known, :the resulting wave length; celerlty, and height can be
estimated from Figures 15, 16, and 17,
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From the calibration, it may be concluded that the laboratory
facilities are capable of producmg waves varying from approxi-
mately 0. 10 to 0.50 foot. in: helght from 3 to 8 feet in length, and.
from 45 to 80 waves per minute in frequency. Wave heights are
limited by the fact that waves become unstable and break as the

/L ratio increases. The breaking index is H/1,="1/17 for deep
water ‘wavesandbecomesless when ~/y >2, ‘Wave lengths are
limited by the breaking index for short waves, and the edge
wave interference for long waves. o S )rf%

/

Itmay also be concluded that the average characteristics of the mainwave
are not greatly affected by the edge waves. This conclusion is bo rne out by
the relatively close agreement between the observed. characteristics of
the main wave and those pred1cted by two d;mensmnal wave theory.

Waves in Trape zeidal Channels

The secondary transverse wave motion had not ‘been ant1c1pated

and at first was quite baffling, It was thought that the edge waves
might have been caused by the abrupt transition from a rectangular -
to a half-trapezoidal channel section. When various modifications

to the transition were tried, and the transverse waves ;persisted

it was concluded that this secondary wave motion was probabiy a’
characteristic induced by the sloping sidewall, and therefore =~
typical of wave motion in trapezoidal channels. Ensuing observation -
served to bear out this thesis, '

A search of the literature revealed articles by Hanson 8/ and
Lamb 12/ On the basis of hydrodynamic theory and mathematical
reasonmg, they described a phenomenon which they called edge
waves. * Their description tallies quahtatlvely with observations

made in the wave channel, Following is a brief summary of their
discussion. . PR A

Edge waves are described as occurrmg in unlform channels Wwith
“inclined banks. The amplitude of the edge wave diminshes
exponentially as the distance from the bank increases,. becoming
zero at a distance whose projection on the slope exceeds a wave
length, Near the edge, a 1ong1tud1na1 node occurs, and the v
elevation of the edge wave changes sign. Hanson shows a cross-
sectional sketch of a wave which is similar to.those shown in
Figure 14, in which the crest of the edge wave coincides in time
with the trough of the main wave, and the trough of the edge wave
coincides with the crest of the main wave. g
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Lamb descrlbed waves: occurrmg in trlangular channels with i
45° side slopes. ‘As‘the wave ‘length L: decreases; the longltudl-
nal nodes approach the edges, the: edge~wave velocity: approaches
-that for deep water waves of. length L, ‘and a well defined system
~of edge waves occur. As.L’increases, however, ‘the celerlty of: the
‘edge waves becomes great compared to that predlcted by theory
© for long waves, and transverse oscillations occur’ which go through
a gradual variation of phase along the dlrectlon of the channel

A series of edge- wave demonstratlons Flgure 91 were made in
the laboratory wave channel using a small ‘hand- operated generator, ’
Figure 20. The hand génerator could be operated either with a -
piston-type motion or with a rocking motion, The’ demonstratlons
showed that for short waves “/y &£ 2 a well defined .system of
uniform edge waves occurred. As’ /y was increased, the longi-
tudinal nodes moved further from the edge, the edge waves became
less uniform, ‘and transverse oscillations’ appeared. As” /y was
increased still further; the wave: along the sloping side: broke a.nd
moved out ahead of the main'wave, settlng up a'secondary wave.
front which moved diagonally across: the channel and was reflected
back from ‘the oppos1te 51de. . S

Motion pictures of wave actlon in the concrete 11ned Delta-Mendota ‘
Canal clearl‘y show.a well defmed system of edge waves: occurrmg
along the slr)pmg sides. .

'\
The ev1dence eventually became concluswe that edge waves and
the related transverse oscillations are natural characteristics
induced by the sloping sidewall, and could therefore not be attri- *
buted to the transition from rectangular to half—trapezo1da1 sect1on
in the laboratory wave channel ‘

Results of edge-wave measurements are: shown in Flgure 22, The
distance from the edge to the longitudinal node Z is clearly seen to
be a function of wave length. The edge-wave steepness He/z is also
seen to be a function of the main wave steepness H /L. If the height
and length of the main-wave are known, these curves: ‘may be used

to predict both the average height of. the edge—wave He and the e e

location of the 10ng1tud1nal node

On the basis of the precedmg dlscussmn, 1t is: concluded that the
range of conditions included by the five waves used for the erosion’
tests, L//y 2.1—4,5, corresponds to a state of part1a11y or semi-
deve10ped edge waves. The condition described by /y ='2.1 (Wave 4)
coincides W1th a system of almost fully developed edge waves, and
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as the I"/ y ratm becomes greater the stage of development accord-
ingly becomes less. Furthermore, it seems likely that the edge-
‘wave reflections from the vertical wall‘of the wave channel are
minor- when the wave length is less*than the channel width at the
waterline., Reflections from ihe vertlcal wall may become an
important factor, however, wher: the wave length becomes greater
than the channel wldth ; § :

o [} . -
Eros1on Tests on: Dr1ftwood Canal Soil

The primary object of the eroslon te sts was to determme the rela-
tionship among the variables involved in the erosion of canal banks

by wave action. These variables include both wave characteristics
and soil prOpertles. A secondary object was to evaluate and, where
poss1ble .to improve the test procedure and the test fac1l1t1es :

Soil Characteristics. The soil used in the erosion tests was taken
Trom locations between Stations 9+80 and 11+00 along the Driftwood ..
Canal near McCook, Nebraska. The Driftwood Canal is.partof .
the Frenchman Unit of the Missouri River Basin Project. The soil
is a Nebraska loess, and would be classified in the CL group :
according’to the plasticity chart, Figure 23, of the Unified Soil : e
Classification System. It could also be: descrlbed as.an inorganic ‘ '
s1lty clay of low plasticity.

Two shipments of soil were received from the field. The flrst
shipment was used in the first erosion test, Run'1-S. The second P
shipmenti was received later, and .the two shlpments were mlxed
together for the remaining tests. :

w

Variocus standard propert1es tests such as those for. grac dation,
specific gravity, Atterberg limits, and compaction: yiere performed
on the soil at different times throughout the tesiiig program. The
averaged soil properties test results are. ,‘luwn in Figure 24
The results of the md1v1dual tests are tabulated in Tables 2and 3.
Table 4 shows wheirt the soil properties tests were performed with
re spect to the sequence of erosiontests. There was arelatively
_minor difference betweenthe properttes ofthe first and second ship-
ments; however, the soilproperties apparently were not appreciably .
affected by the repeated cycles of remoldmg through wh1ch the s01l .
was processed during the test series. ..

Test procedure. - The test procedure was bullt around the meas-
urement of the erosion rate caused by each of:the five waves for
which the equlpment had been: cahbrated

‘/r
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Preparation for a test consisted of breaking up the clods in the:
soil, bringing the soil to its optimum moisture content and
compacting it into the test sect1on.

The clods were broken up by passmg ‘the 'soil through a mecham-
cal rotary 1/4-inch mesh sieve, The object in breaking up the
clods was to permit better d1str1but10n of m01sture throughout the
soil, :

The amount of water required to bring the soil to optimum moisture
content was determined by weighing the soil, measuring its mois~
ture content by weighing and oven-drying samples, and: computing the
additional amount of moisture required.  Next, the-water was :
added and mixed with the soil. The soil was then covered by wet .
sacks and a tarpaulin and left for several days during which the
moisture distributed itself by capillary movement, An addltlonal
mixing after 2 or 3 days helped to speed ths process.

When sample moisture determmatmnsvmchatedjthat tthegsoil'was
ready for placement, preparation‘of the test:section was started.
The soil was then compacted into the-test.section with an:air
hammer., Several :methods of using the air hammer were tr1ed
Trial and error experiments indicated the method pictured in
Figure 13 to be the most effective, Using this method, the blows
of the hammer were {ransmitted through a-2-'by: 6-1nchp1ankwh1ch v.
was slowly moved over the entire test section. The soil'was com-
pacted in layers lying approximately parallel to the 1-1/2:1. :
embankment slope. The thlckness of. the layers was usually 1 inch-
or less.

After the embankment had been built up approximately to grade :
it was screeded with a steel:straight edge, and the:low spots were
filled and compacted by hand. Core density samples were then
taken along the waterline in order to determine the degree of
compaction which had been achieved. Results of these density
measurements are shown in Table 5, '

Both the compactlon technique and the compactlon control tended -
to improve as the test series progressed. -A -Proctor penetration-
resistance needle:wasused for compaction control purposes when
preparing the test section for Runs 4-S and 5-S. A compaction-

- cylinder was prepared according to the specifications of the stand-
‘ard Proctor compaction test immediately before beginning prepara-
tion of the test section. ‘Needle readings taken on the cylinder

- provided a basis for comparison with needle readings obtained
in the embankment. This enabled better compaction control.
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After patching up the density-core holes and setting the stroke

and frequency of the wave generator, the wave channel was immedi-
ately filled with water in order to prevent the embankment from
drying out, The embankment was allowed to saturate overnight
before beginning the erosion test, : :

In the erosion tests, the wave generator was allowed to run ove‘r,
a measured time interval after which it was stopped. Cross - -
sections of the eroded slope were then taken at 1-foot intervals -

‘along the test section. The cross-sectional measurements were

obtained by means of a movable point gage with a hinged foot,
Figure 13. The wave generator was then started again and run

for another time interval after which another set of cross-sectional
measurements were taken, The test was thus continued over a
number of time jptervals until the waves had eroded through the

6 and 1/2-inch th¥ck test section or until the time intervals totaled

12 hours, whichever came first, - '

The wave frequency was checked by stopwatch at fairly frequent
intervals throughout the tests. The variable-speed pulley mechanism
was adjusted as required in order to maintain the desired frequency.
Frequency adjustments of greater than 2 percent rarely had to be
made, The water temperature and depth were checked at'less fre-
quent intervals, Water temperatures remained essentially constant,
varying from a minimum of 18° C to a maximum of 23% C. Water
was added to the wave channel as required in order to replace losses
from splashing and leakage. Photographs and motion pictures of the
waves and test section were also taken at intervals throughout the
tests. :

After the test had been completed and the channel drained, the soil -
was removed from the test section and prepared for another test.

The,entire process of preparing the soil, preparing the test section,
and performing the erosion test was called a run, The runs were
numbered 1-S, 2-S, 3-S, etc. The numbers 1, 2, 3, etc., refer

to the numbers assigned to the waves during the calibration. Thus,
Run 3-S means the erosion test in which Wave 3 was used, :

The amounts of erosion after 12 hours of Runs4-S-and 5-5-were
relatively slight. Therefore, additional information was obtained
by continuing Run 4-S using Wave 3, and continuing Run;5-S using
Wave 2. The continuation of Run 4-S was called Run 3:5-A, and
that of 5-S, 2-S-A. Run 3-S-B was a continuation of Run 3-5-A
and was performed after the test embankment had been dried for

6 days with the help of an electric fan. ‘
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Test results, In all of the tests, the initial erosion rate was 'quite
high, buf soon diminished with time. The high initial rate was due
to the swelling and consequent softening of a thinlayer at the sur-
face of the soil which occurred when the wave channel was filled
with water. The surface softening was probably due to.the -fact -
that.the Driftwood soil contains some montmorillonite clay wh1ch
expanded upon saturation, Slakmg may also have been a contr1bu-
ting factor. o : -

The erosion pattern was similar in all tests .in that,allvof the
erosion was concentrated near the waterline, After a time,'a
sloping beach would be formed beneath the waterline. The beach
was usually quite stable, and it is probable that the shallow depth
of water over the beach helped to dissipate the wave energy, and :
that this contributed toward a reduced rate of eros1on

In the earlier tests; notably Runs 1- S 12-8, and 3-8, the compac-
tion in the interior of the embankment had not been as good as the
compaction closer to’the surface, This was reflected by an increase -
in the eroszon rate after the softer materlal became exposed to the :
wave action. :

The erosion patterns at the ends of the test section were sometimes
not typical of the erosion pattern throughout the rest of the test sec-
tion, Probable causes for this were reflected waves from the
exposed ends of the test section, and a weak bond in the corners

of the test section where compaction was more difficult. However,
this tendency decreased as the compaction technique was improved.

The erosion cross sections for: the middle 6 feet of the test section
were averaged and plotted. These plots are shown in Figures 26
through 33. The progression of erosion is shown by the symboled - - -
lines, each one of which corresponds to the average cross-’sectional
shape at the time specified by the symbol. The time is measured
in minutes of wave action from the beginning of the: test

Figures 34 through 39 show several typlcal photographs taken
during and after some of. the tests. . .

Run 3-S-B deserves spec1a1 mention due to the phenomenalfincre‘ase
in erosion rate which occurred after the embankment had been per-
mitted to dry following Run 3-S-A. The embankment, Figure 37,
developed a network of shrinkage cracks and became very hard dur-
ing drying. Although the soil had remained quite firm during Runs
4-S and 3-S-A, it became soft and mushy as soon as the wave channel
was filled with water. The degree of disintegration was roughly
proportional to the degree of drying which had taken place, hence,

it was especially noticeable near the surface. Figure 37 shows the
condition of the embankment after 100 mmutes of Run 3-S-B.
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The sudden d;smtegra’uon of the dried sml 1mmed1ate1y upon sub-
jection to immersion is attributed to slaking. Slaking is thought

to be caused by the sudden release of the. cap1llary tensile forces -
and the pressure rise due to the compression of the: entrapped air
which occurs when the soil is suddenly immersed. Capillary -
tension builds up-in the soil during drying: and contrlbutes to the .
shrinkage and cohesion increase which occurs in some soils durmg
drying. The sudden release offcaplllary tension upon immersion
thus causes a corresponding 70ss of cohesion. Slaking is usually
associated with fine- gramed soils not havmg a strong clay bmder

- Following Run 2- S-ﬁ/ four clods were: takenfrom the embankment B
for the purpose of conducting an elementary -wetting- drying, freezing-
thawing demonstration. The results of the demonstration are shown
in Figure 40. It is seen that the clod which was air dried for a week
prior to immersion underwent the most complete dismtegratlon.

£

Analysis of 'Results

The results of the erosion tests were analyzed for the purpose of
obtaining a better understanding of the relationships among the factors
contributing toward the erosion of canal banks by wave action.

Total erosion was plotted agamst time as a first step in comparmg
erosion rates for the series of tests. These plots are shown in
Figure 41. In these plots and in the following analysis, the erosion
E is defined as the average volume of soil displaced per linear-foot
along the middle 6 feet of the test section. A definition sketch of
erosion in the test section 1s shown in Flgure 25. :

The trend which appears most ev1dent in the erosion versus time
plots, Figure 41, is the tendency toward a h1gh initial-erosion
rate followed by a tapering off. The sudden increase in erosion
rate for Run 3-S~B, which was dlscussed in the prekus sectlon,
is clearly seen on this plot. ,

In Figure 42, E is plotted against the logamthm of tlme. __The times
for Runs 2-S-A, 3-S-A, and 3-S-B were not established from zero,
but from the times indicated by transferring the amounts of erosion.
at the end of Runs 5-S, 4-S, and 3-S-A back'to the curves for Runs
2-S and 3-S.

The tendency for the data from each of the runs to plot as a straight
line indicates that erosion after starting tends to continue as a geo-
metric progression of time. Runs 1-S, 2-S, and 3-S in their latter
stages appear to be exceptions. However, as observed in the
previous section, the soil in the interior and close to the ends of
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the embankment had not been compacted as well as the soil nearer’
the surface when the test section was being prepared for Runs 1-S,
2-S, and 3-8, It is'believed that had the compaction been uniform
and the end effects of the test section eliminated, the erosion'would -
have continued as a geometric progression of time during the latter
stages of these runs. The fact that'Runs 2-S-A and 3-S-A plot as
straight lines supports this conclusion when it is considered that

the waves used in Runs 2-S and 3-S had. the same characterlstms
as those used in Runs 2-5-A and 3-S-A., -

It was reasoned that the slopes and 1ntercepts of the. stralght line
relationships plotted on Figure 42 should in some way be related
to the soil and wave characteristics. 1nf1uenc1ng the rate of erosion.
Therefore, the emplrlcal equation :

F-Kploght K, S (8)

was adapted to the data., Inthis equation, tis the cumulative test
time in minutes, Ky is the slope of the line or more specifically the
amount of erosion occurring durlng one log cycle of time, and K2 is:
the intercept at t = 5, which is equivalent to the amount of erosion
occuring during the ﬁrst 5 mmutes of the test. The units of E,

K;, and K, are ft3/ft, and t/5 is dr’nensmnless. ‘The equationiis
therefore glmenqmnauy correct. : R

Various wave and soil characteristics were plotted against Kj and
Kg. The best correlations were found in the relationships. plotted

in Figure 43, The significance of the Ky versus H plot is that the
erosion of the softened soil near the surface which takes place
during roughly the first 5 minutes, is apparently a’ funcuon of the
wave height only., After the initial period, the K; versus H plot
shows that the erosion rate is controlled by both the degree of
compaction, or the density of the soil, and the wave height.
Apparently, the degree of compactlon assumes mcreasmg impor-
tance in controlling the erosion rate as the wave height is increased. *

The curves of constant compaction in the Kj versus H plot are ..
essentially empirical and must be considered tentative. ' There are
only a few points on the plot, and compaction is a difficult variable
to control, both from the standpoint of uniformity. and of accurate ‘
measurement, However, the tendency:for the rate of erosion to

be extremely sensitive to the degree of compaction is unmistakably
clear. For example, it is seen from the K; versus H plot that for

a particular wave the amount of erosion in an embankment com-
pacted to 97 percent of the Proctor maximum density would be

about three times that in an embankment compacted to 99. percent
maximum density.
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Attempts at correlating erosion with other wave characteristics
such as frequency, celerity, wave energy per unit time, and-edge
wave size were not successful. Inthis- respect, it is observed that
the effects of frequency and edge wave size would tend to counter-
act each other. As the wave frequency is increased, the wave
length and consequently the scale of the edge wave: becomes smaller

In Figure 44, the data are plottedaccording toEquatlon:B. ‘The :

correlation is quite good with the exception of the latter stages of
Runs 1-8, 2-5, and 3-S. This exception was discussed previously. -

Conclusions

The erosion tests lead to certain conclusions. = These conclusions
should be considered applicable only to low plasticity, inorganic
clays, and silts of a type similar to the Driftwood Canal soil, and
should not at this time be extended to include other 5011 types. '
These concluszons are listed as follows:

a. When started, the erosion of a homogeneous embankment
by a uniform wave train tends to contmue as a geometrlc pro-
gression of time. :

b. The rate of erosion is dependent primarily on the wave
height and the density to which the soil has been compacted
Compaction above 95 percent of the Proctor max1mum dens:.ty
greatly reduces the erosion rate.

c. Wetting and drying cycles have a deterloratmg effect on -
the resistance of the embankment to erosion due to d1srup- :
tive effect of slaking on the soil structure which occurs when
dried soil is subjected to immersion., Freezing and thawing
cycles seem to have a similar, though not as sever an effect.

SUGGESTIONS FOR FUTURE STUDY

a. The stability characteristics of other soil types should be -
investigated, both in the laboratory wave channel and in the
field. This should lead to a classification of soil types with
respect to resistance to erosion by wave action.

b. The effect of various wave characteristics such as height,
frequency, and celerity on the rate of erosion should be studied
further. This could best be done in the laboratory wave channel
with several uniform granular soils. The stability of granular
soils is dependent pr1mar11y on grain size. This would in
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effect eliminate: den51ty as a var1ab1 and permlt a better
evaluation of the erosion: potent1a1 of the varlous wave: charac-
teristics. ;

c. The relationship between: com’pactmn and erosion resistance:
requ1res further explanation. - The:present study shows that one.
is to some extent an index of the other, butthis:contributes: 11tt1e
toward a better understandmg of the phys1ca1 relat1onsh1ps
involved.

d., Various methods of stab1hzmg canal banks should be tested ;
in the laboratory wave channel. 'Gravel covers, treatment with
asphalt and portland cement, protectlve grass: covers, ‘and.con- .
struction of a stepped bank Wl‘l:h a flat slope just beneath'the. EOE
water surface are among the bank protection measures: wh1ch have o
been suggested. These studies should lead to the deve10pment

of rational design cr1ter1a for bank protectlon. ‘ :

e. Additional data on waves in canals caused by wmd veloc:.tles
in excess of 30 miles per hour:would be helpful from the stand- :
point of further evaluating the: mod1f1ed Sverdrup Mupk-Bretschne1der”
analysis. ' ‘ o P N U R , Ki

f. The behavior of waves in trapez01da1 channels both in the field. k .
and in the laboratory channel should be investigated further. o

‘Edge-wave characteristics are apparently a function of bank slope / }
as well as a function of main-wave characteristics. This may -
have significant implications w1th respect to bank eros1on
problems, : :
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LIST OF. SYMBOLS £

o h b

1'D1mensmns gt ‘. Definition

CLyr : Wave.celerity’ L ey
2 .Average volumetrlc d:.splacement
’ per foot in- m1dd1e 6.feet of test

‘ sectlon ' ‘ -

‘Maximum: ‘horizontal displacement
fromvertical ‘position.of generator
flap, measured at water surface =

Fetch or- length of: reach of water
‘over which the wmd blows '

‘ ;Effectrve fetch
: ‘Wave frequency ‘
o ‘Acceleratmn of grav1ty

: Wave helght measured from trough
to crest o B\

Average wa\ie ‘height aicng"test se ction

- ,‘Average he1ght of edge waves along
test: sectlon ,

B \Slgmflcant wave he1ght 01‘~average
helght of 1/3 highest waves

';“Emp1r1ca1 constant goverm*xg rate of .
-erosion, :Dependent upon degree of
compactlon and wave. helght

~‘Empirical. constant dependent on"

~ wave height, Equal to amount. of ‘

erosion.occuring during first 5
mmutes of test _ R

Wave 'length

Cow /L
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LIST OF" SYMBOLS- -Contlnued

Dimens1or._i T Def1n1t10n Cid
L é ‘Radlus of wtave generator cran arm
T ‘ T # , ”‘Wave perlod | |
Ts T , “Slgmﬁcant Wave perlod or average |

_period-of highest 1/3 waves

t T ‘Cumulative time of wave action
’ measured from begmnmg of test

tw o FT k'Wmd duratlon requlred to develop ks
R waves’ of ma.xlmum 51ze , SIS T B

U L/ T - Wind: ve10c1ty |

Ue | Lymo o ‘Effectlve Wmd veloc1ty U COS 6tv

A Ly ‘ Average ﬂow veloc1ty in canal |

w o L | Width of canal at water surface |

R4 L l'Depth»of'water | | s

Z L ’Average d1stanCe from sloping 81devr(a11 T L

to edge wave node projected along ’ N
stlllwater surface lme ‘

¥d o F/ 1.3 Dry unit welght of earth mater1a1

2] ‘ : Wind angle, defined as angle between
o ‘ " .wind direction and-canal bearing



Table 1
SUMMARY OF BUREAU OF RECLAMATION CANAL DATA

Project
and
canal or lateral

feet -

‘| Effective|  Wind | ‘Canal |
;Depth_ Top uw1dth, ~fetch - |velocity velocity

Slgmﬁ cant
wave “height
feet ‘

Fetch! nWmd

Signiﬁcant
‘wave per.

Eden
W. Side Lat
"Eden
W. Side Lat
W. Side Lat
Eden Lat

Tucumeari
Hudson
Hudson
Conchas
Conchas

Central Valley
Delta~-Mendota

Delta-Mendota:

‘Delta-~Mendota

Imperial I, D
‘All-American
All-American
All~American
All-American
All-American
All-Awmerican’
All-American
All-American
All-American
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57+30
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385+50
MP56
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MP94, 27
MP 4.98
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- 4045+00|
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4045+00 |
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'1100
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112 ] T
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1. 81 |
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072
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Table 2

‘ RESUL’I‘S OF GRADATION ANALYSES
‘Sample . s Percen’c finer than

No. , ! 1 — ‘

Particle o 18F-979 18F-'-1031! '18F)-1031Xn 18;F-1031X-‘1 18F-1031X-2 |Average
dia in mm : . i R : T :

1.190 | 100.0 | 100.0 | 100.0 | “<ico.o | 100.0 | 100.0
0.5990 | 99.8 | 100.0 | 100.0 ["iise.8 | 99.8 | e9.0
0.297" | 99.7 | 100. 100,05 | . 1~ 99.6

0.149 | 99.6 | 99.7 | 9e.6 | 992 | 99,4

0.074 | 97.5 | ‘s e ‘99.4 | 97 ‘1ﬂ» 98.0
0.037 | e5.8 | 69.2 | 688 | 688 | 680
0.019 | s2.8 | 3n.2 | 3.8 | a8 | 37m0 |
0.009 | 1ms | enz | 228 | 238 | 230

0.005 14.4 | 18,2 | ¢ 1.2 | 8 | 19.4




RESULTS OF STANDARD PROPERTIES TESTS h’ et
§ K Penetratmnae

Sarnple PI Max1mum sture. |
No.» = “/l.percent | .pgrcerft' pound/foot3 content ' pounds per.
R e EE arcent square mch?,

18F-o10 | 28.2 67 C1ms | 050 |
18F-1031 | 32. 103 1350 -6t
18F-1031X | 812 105 920 |
18F-1031X-1 | 30.0 | 8.8 | o

18F-1031%-2 | 294 | 9.2 |

Average -

NG

_ ,"f,Tab1e4 ‘
. SOIL SAMPLE DESIGNATION?.A‘v:-fv-‘

‘Sample |- v R
‘No.: | : Place in: sequence of erosmn tests

F18F-979 szrst sh1pment of s011 SOll propertles determmed
i . S after rece1v1ng from“fleld and before Run 1 S o

18F-1031 ‘Second sh1pment of 8011, After rece1v1ng from f1e1d Lol

' 18F-103 1X Mlxture of both shlpments Sml propert1es determmed
' ' before Run 2 S SHE T U RSN e

' -.18F-103‘1X—1‘ -M1xture of: both sh1pments. & _Soiilb}prop'e‘rties;‘d‘eterm“ined
' oo D after Run3 S , R e

,.18F—1,0,31‘X- "Mlxture of: both shlpments Soilgprope’r,ties; detesznined :
- .| -after: Run 4-S SR e R e R i




Table 5 ‘

RESULTS OF DENSITY MEASUREMENTS

s Péréeﬁt ci,

Location of sample | 1
. | Elabove Mo1sture | Dr J umt | ' maximum
Run ’Station ‘|channel bed content |- /g g “dry unit
feet feet ; percent by welght pound foot we1ght
1-S - 0.5 1.5 _117 5 “";,'101 3 | -g6. 1
2.5 1.1 18,7 100.4 .| '95.2
5.5 1.1 .18.3 - 104.7 99.2:
7.5 1.5 17.8 103.1 | 97.9
Average -~ -- 18.1 :102.4 97.1
2=-5 0.5 1.5 17.0 100.4 09,3
2.5 1.5 17.6 98,5 :93.5
5.5 1.5 17.3 105.5 100.1
7.5 1.5 17.3 102.6 97.3 .
Average -- - 17.3 101.8 '96.5
3-5 0.5 1.5 16.6 —105.5 100. T
2.5 1.5 17.6 -102.1 . '96.8
5.5 1.5 17.3 .100.7 95.4
7.5 1.5 - 17,1 102, 6 97,3
Average -= -- 17.2 102.7 97.3
4-5 0.5 1.5 16,1 105.8 100.2
2.5 1.5 15.9 105.5 .} 100.1.
5.5 1.5 16.2 105.2 | ©:99.8
7.5 1.5 '18.5 103.0 97.6
Average -- -- 16.2 - 104.9 | 99.4 .
5-5 0.5 1.5 17.3 106.2 | 100.8
2.5 1.5 17.5 105.3 | .99.9 -
5.5 1.5 17.9 105.6 - | 100.2
7.5 1.5 16.8 106.1 | 100.7
Average -- - 17.4 ~105.8 | 100.3




FIGURE 1
Report Hyd 465

Wave erosion in Eden
canal after 2 seasons
of operation

WAVE EROSION IN FIELD AND
LABORATORY
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FIGURE 10
Report Hyd 465

Wave generator
and wave filters

Absorber at
down-wave end
of channel

LABORATORY EQUIPMENT




FIGURE 11
Report Hyd 465

Equipment arrangement
for measuring wave
heights and lengths

LABORATORY EQUIPMENT




. FIGURE 12
Report Hyd'465

Empty test section

After compacting
earth into test section



FIGURE 13
Report Hyd 465
W ‘
o Equipment for measuring
erosion croas sections
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FIGURE 17
‘REPORT -HYD. 465
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FIGURE 19
Report Hyd 465



FIGURE 20
Report Hyd 4865

‘Hand-operated wave
generator used for
edge-wave demonstra-
tions.

WAVE 5 AND HAND OPERATED WAVE GENERATOR




FIGURE 21 -
‘Report Hyd 465

Ly T 2.5

Fairly well-defined
system of edge waves.
Edge wave . 1/2 wave
length out of phase
with main wave.

L/y x5

Edge-wave system
not well defined.
Waves breaking
along slope, causing
-wave front to.move
diagonally across
charmnel, .
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STANDARD PROPERTIES SUMMARY

FIGURE 24
REPORT HYD. 465
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‘FIGURE 36"
Report iHyd 465

t = approx. 5% hrs.

WAVE-EROSION TESTS - RUNS 4-S AND 3-S-A.
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WAVE-EROSION TESTS - RUN 3-5-B




FIGURE 38
Report Hyd 465
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t = approx. 8% hrs.

WAVE-EROSION TESTS - RUN'5-S AND 2-S-A




FIGURE 39
Report Hyd 465

Test section after
Run 4-S
t =12 hrs.

Test section after
Run 2-S-A
t =12 hrs.

WAVE-EROSION TESTS - RUN 4-S AND 2-8-A




FIGURE 40 .
Report Hyd 465

Beaker No, Description

@ {1/2 of loose clod taken from beach and

placed in water immediately after drain-
ing flume. Flume drainage time approx.
18 hrs. ‘ S ‘ '

Clod placed in water ’imr‘nediately after
draining and cutting from interior of
moist embankment.

Other,vhalvf of clod in Beaker ,vNo. 1.
Placed in freezer for 3 days prior to
immersion in water.

Clod taken from embankment and placed
'in water after embankment air dried for
one week. '

RESULTS OF WETTING- DRYING- FREEZING-
THAWING DEMONSTRATION
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